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INTRODUCTION
Insulin resistance (IR) is a key feature of the pathophysiological process that underlies the development of classical Type 2 diabetes (T2D), which is a complex metabolic disease influenced by both environmental and genetic factors. MicroRNAs (miRNAs) are important posttranscriptional regulators of gene expression that have been implicated in pathways underpinning T2D etiology in multiple organs including the pancreas (2, 31, 39) , liver (9, 26, 44) , adipose tissue (42, 44, 49) , and skeletal muscle (32, 36, 43) .
Accumulating evidence suggests that the dysregulation of particular hepatic miRNAs contributes to IR/T2D and that rescue of their expression can reverse disease phenotypes. In 2011, Trajkovski and colleagues (44) reported that hepatic miR-103/107 is aberrantly elevated in the liver of high-fat diet (HFD)-fed obese mice as well as in leptin-deficient ob/ob mice. In the same study, they showed that treatments of anti-miRNAoligonucleotides targeting miR-103/107 attenuate hyperglycemia in part through improvement in hepatic insulin signaling. This possible treatment approach garnered broad attention and entered Phase I clinical trials for patients with hepatic steatosis and T2D. In 2013, the same group reported a significant upregulation of another hepatic miRNA, miR-802, in mice fed HFD and in db/db mice, which carry a homozygous missense mutation in the leptin receptor. In addition, they showed that systemic administration of locked nucleic acid (LNA) inhibitors of miR-802 to HFD-fed mice significantly improves glucose tolerance, in part due to increased levels and activity of Hepatocyte nuclear factor 1b (Hnf1b), which leads to improved systemic insulin sensitivity (26) . Also in 2013, another group showed that tail vein injection of anti-sense oligonucleotides targeting miR-34a, which is remarkably elevated in the liver of HFD-fed mice, helped to recalibrate the hepatic levels of Sirtuin 1 (Sirt1) and thereby improve glucose tolerance and IR (9) . Taken together, the findings from these preclinical animal studies suggest that multiple hepatic miRNAs contribute to the impairment of hepatic insulin signaling and represent candidate therapeutic targets for T2D. However, these miRNAs were identified only in certain models of IR/T2D and whether their dysregulation is shared across other models has not been evaluated. In addition, it is still unknown how many other liver miRNAs may be involved in the control of insulin sensitivity.
This study provides new insight into family members of miR-29 (miR-29a, b, and c) in the liver as modulators of insulin sensitivity in the fasted state, in addition to their roles that we previously reported as regulators of circulating lipids during the fed state (29) . First, using a sequencing-based approach to characterize liver miRNA profiles, we identified a group of seven miRNAs that are consistently dysregulated across five well-established but very different rodent models of IR/T2D, including db/db mice, streptozotocin (STZ)-treated mice, and fa/fa Zucker Fatty (ZF) rats. Among these seven, we identified that miR-29b is the most strongly associated with T2D progression in an independent rat model of adult-onset diabetes, UCD-T2DM, and that its levels are attenuated by treatments known to improve IR in rodent and rhesus macaque models. Importantly, we then applied LNA technology in vivo to demonstrate that acute suppression of the miR-29 family lowers fasting glucose in chow-fed lean as well as HFDinduced obese mice. Whole transcriptome studies revealed potential underlying mechanism involving the hormone-encoding gene energy homeostasis associated (Enho) . Overall, this study shows that aberrant elevation of miR-29b in the liver is common across multiple models of IR/T2D and demonstrates that acute suppression of the miR-29 family exerts beneficial effects for glycemic control in adult mice.
MATERIALS AND METHODS
Animal models. Four male rodent models of IR/T2D were included in this study for profiling miRNAs in the liver. They include: 1) ob/ob mice: 2 mo old obese mice (n ϭ 5) and lean control (n ϭ 5); 2) STZ-injected mice: 2 mo old C57BL/6J mice injected with 180 mg/kg dose of STZ (n ϭ 5) and control mice injected with saline (n ϭ 5); 3) fa/fa Zucker Fatty (ZF) rats: 5.5 mo old obese rats (n ϭ 5) and lean control (n ϭ 5); and 4) UCD-T2DM rats: 6 mo old rats in prediabetic condition (n ϭ 3), 6 mo old rats with T2DM for 2 wk (n ϭ 6), 6 mo old rats with T2DM for 3 mo (n ϭ 3), and 9 mo old rats with T2DM for 6 mo (n ϭ 5).
Two models of IR/T2D were used for assessing miRNA changes in the liver after receiving treatments (3, 48) . They include: 1) male 3 mo old fa/fa rats receiving daily treatment of 3,6-dichlorobrenzo(b)thiophene-2-carboxylic acid (48) (BT2, 20 mg/kg intraperitoneally) (n ϭ 5) and vehicle (n ϭ 5) for 1 wk, and 2) male 10 -20 yr old rhesus macaques chronically fed with high-fat diet/high-fructose syrup with daily supplementation of fish oil (n ϭ 3) or sunflower oil control (n ϭ 3) for 4 wk. As previously described in (3), the fish oil (16% EPA/11% DHA; 32.1% n-3 fatty acids; 2.4% n-6 fatty acids; 77.3% total fatty acids; Jedwards International, validated by Covance) was mixed into a treat such as ice cream, yogurt, jelly, applesauce, or pudding; and 1% by weight of egg powder was added to make an emulsion. Then, 44 g of the mixture containing 4 g of fish oil was provided to the monkeys each day. The control monkeys received the same mixture with 4 g of safflower oil [0.05% free fatty acids; 6.54% palmitic acid (16:0); 2.62% stearic acid (18:0); 14.97% oleic acid (18:1); 73.47% linoleic acid (18:2); 0.05% linolenic acid (18:3); 0.15% behenic acid (22:0); Jedwards International] instead of fish oil.
All animal procedures were performed with the approval and authorization of the Institutional Animal Care and Use Committee (IACUC) at each participating institution.
In vivo LNA study. To evaluate the short-term effects of LNA29 in adult normoglycemic mice, C57BL/6J mice (female 9 -11 wk old) fed chow-diet (Lab Diet 5047) were used. To evaluate the short-term effects of LNA29 in adult mice with diet-induced IR phenotype, C57BL/6J mice (male 9 -11 wk old) were fed with HFD (45% kcal from fat; Research Diets D12451) for 4 wk before receiving LNA treatments. The mice enrolled in the in vivo LNA studies were maintained on a 12 h light/dark cycle with access to diet and water ad libitum. Animals received one dose of subcutaneous injection of 1) RNase-free sterile saline (BioO Scientific, Austin, TX), 2) LNAs against scrambled sequences (Qiagen), or 3) LNAs against mmu-miR-29a-3p (5=-ATTTCAGATGGTGCT-3=) and mmu-miR-29bc-3p (5=-ATTTCAAATGGTGCT-3=) at 20 mg/kg each (Qiagen). In mice, there are two miR-29 loci (miR-29a/b-1 locus on chromosome 6qA3.3 and miR-29b-2/c locus on 1qH6), which together produce three miR-29 family members (miR-29a, b, c). The mature sequences of the miR-29 family members have an identical seed sequence AGCACC and are conserved across humans, rats, and mice (27) . During the study, blood was collected via submandibular or tail vein. For tissue collection, the animals were overnight fasted and anesthetized at day 7 postdose of LNA. Various tissues including the liver were harvested and flash-frozen in liquid nitrogen and stored at Ϫ80°C for further analysis. For assessing insulin sensitivity, oral glucose tolerance test (OGTT) and insulin sensitivity test (IST) were performed at day 5 and 7 postdose of LNA, respectively. The in vivo LNA study was carried out multiple times across two institutions, NYU Winthrop Hospital and Cornell University. All animal procedures were performed with the approval and authorization of the IACUC at each participating institution.
Insulin sensitivity assays. In the OGTT, mice were fasted overnight and blood was taken from the tail vein for measurements of basal levels of blood glucose (0 min) by glucometer. Followed by an oral gavage of dextrose (2 g/kg), blood glucose was determined at 30, 60, 90, and 120 min postgavage. In the IST, mice were fasted for 2 h and the blood was taken from the tail vein for measurements of basal levels of blood glucose (0 min). Followed by an intraperitoneal injection of Humulin-R insulin (0.6 U/kg) (CUHA Pharmacy), the blood glucose was determined at 15, 30, 60, and 90 min postinsulin injection. In the IST experiments, two saline mice and two LNAscramble (LNAscr)-treated mice did not exhibit any reduced blood glucose at the 15 min time point or had even higher glucose levels compared with basal levels in response to the insulin injection, which indicates nonresponsiveness to insulin likely due to human error in the intraperitoneal injection. Thus, the measurements from these mice were entirely excluded from the analysis.
RNA extraction and real-time quantitative PCR. Total RNA was isolated using the Total RNA Purification kit (Norgen Biotek, Thorold, ON, Canada). High Capacity RNA to cDNA kit (Life Technologies, Grand Island, NY) was used for reverse transcription of RNA. TaqMan microRNA Reverse Transcription kit (Life Technologies) was used for reverse transcription of miRNA. Both miRNA and gene expression quantitative (q)PCR were performed using TaqMan assays (Life Technologies) with either TaqMan Universal PCR Master Mix (miRNA qPCR) or TaqMan Gene Expression Master Mix (mRNA qPCR) per the manufacturer's protocol, on a Bio-Rad CFX96 Touch Real Time PCR Detection System (Bio-Rad Laboratories, Richmond, CA). Reactions were performed in triplicate using either U6 (miRNA qPCR) or Rps9 (mRNA qPCR) as the normalizer.
Small RNA library preparation and sequencing. The small RNA sequencing of fasted liver samples from all the models enrolled in this study was conducted at the Genome Sequencing Facility of Greehey Children's Cancer Research Institute at University of Texas Health Science Center at San Antonio, TX. Libraries were prepared using the TriLink CleanTag Small RNA Ligation kit (TriLink Biotechnologies, San Diego, CA) and sequenced on the HiSeq2500 platform with single-end 50 bp sequencing depth. Raw sequencing data and miRNA quantification tables can be accessed through Gene Expression Omnibus (GEO) record GSE122044.
RNA library preparation and sequencing. RNA-sequencing libraries of the liver from fasted LNA29-treated C57BL/6J mice were prepared with the Illumina TruSeq polyAϩ Sample Prep Kit. Sequencing was carried out on the Illumina HiSeq2000 platform with single-end 100 bp sequencing depth at the UNC High Throughput Sequencing Core Facility. Raw sequencing data as well as normalized counts are available through GEO accession GSE122044.
Bioinformatics analysis. The small RNA-sequencing reads were aligned to mouse genome (mm10) for mouse samples, rat genome (rn6) for rat samples, or human genome (hg19) for monkey samples and quantified with miRquant 2.0 as previously described (22) , with the exception that raw miRNA counts were normalized with DESeq2 (35) to determine significance. MiRNA annotation was performed with miRbase (r18), and the resulting data are presented in this study. MiRNA annotation of just the mouse samples was also reperformed with the newer release of miRbase (r22), and the data are consistent with the data generated with miRbase r18. MiRNA binding site enrichment among differentially expressed genes was determined by miRhub (1) . The microarray study of hepatic miRNA profiles of HFD-fed C57BL/6J mice, published by Kornfeld et al. (26) , was used to intersect with our miRNA profiles of multiple rodent models of hepatic IR. In Kornfeld et al. (26) miRNA expression levels were quantified by using the Rodent TaqMan Array microRNA Cards A and B (Applied Biosystems), which cover 674 murine miRNAs and small nucleolar RNAs (as appropriate controls). The data are presented with P values (two-tailed unpaired Student's t-test) and foldchanges of HFD relative to control chow diet. RNA-sequencing reads were mapped to genome release with rn6 STAR (v2.5.3a) (12) , and transcript quantification was performed with Salmon (v0.6.0) (38) . Differential gene expression analysis was accomplished by using DESeq2 (35) .
Cell culture and luciferase assays. For testing changes in Enho expression by LNA29, Huh7 cells were maintained in 25 mM glucose DMEM (Sigma-Aldrich) supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, and nonessential amino acids and cultured in a humidified incubator at 37°C and 5% CO 2. Transfection was performed by using Lipofectamine 2000 (Life Technologies). Huh7 cells were treated with transfection reagent alone or 200 nM of miRIDIAN microRNA hsa-miR-29a-3p inhibitor (Dharmacon). After 48 h, the cells were lysed for RNA isolation. For luciferase assays, HEK293T cells were maintained in 25 mM glucose DMEM (Sigma-Aldrich) supplemented with 10% FBS and 2 mM L-glutamine (Invitrogen, Grand Island, NY) and cultured in a humidified incubator at 37°C and 5% CO 2. HEK293T cells were seeded into 24-well plates and allowed to grow to reach 70% confluence. The cells were then transfected with the following conditions Statistics. The quantitative data are reported as an average of biological replicates Ϯ standard error (SE) of the mean. Unless indicated otherwise, statistical differences were assessed by two-tailed Student's t-test with threshold P value Ͻ 0.05.
RESULTS
Seven dysregulated hepatic miRNAs are shared across multiple different rodent models of IR/T2D. To identify liver miRNAs that are strongly connected to IR/T2D, we first performed small RNA sequencing on total RNA isolated from the livers of three IR/T2D models (ob/ob mice, STZ mice, and fa/fa ZF rats) and identified significantly dysregulated miRNAs that are shared across the models. As expected, the overall hepatic miRNA profile of each model was distinct ( Fig. 1 , A-C; Supplementary Fig. S1 , a-c). (Supplementary materials can be found at https://github.com/Sethupathy-Lab/2019_AJP-GI_Hung_et_al_supplementary_material/tree/v1.1.0.) Varying numbers of miRNAs were significantly (fold-change Ͼ 1.5, P Ͻ 0.05) altered when compared with matching controls (Fig.  1 , A-C). Ob/ob mice had 145 differentially expressed miRNAs (68 down, 77 up) compared with lean controls (Fig. 1, D and E). STZ mice had 90 differentially expressed miRNAs (26 down, 64 up) compared with saline-treated controls (Fig. 1, D and E). ZF rats had 130 differentially expressed miRNAs (8 down, 122 up) compared with lean controls (Fig. 1, D and E) .
Remarkably, among the downregulated miRNAs, none were shared across all three models (Fig. 1D ). In contrast, there were 16 shared upregulated miRNAs ( Fig. 1E ).
Next, we assessed the expression levels of each of these 16 miRNAs with publicly available liver microarray data for miRNAs from two additional IR/T2D models, db/db mice and HFD-fed C57BL/6 mice (26) . We found that seven of the 16 miRNAs are upregulated in at least one of these two additional models ( Fig. 1E ): miR-148b-3p, miR-222-3p, miR-28-5p, miR-34a-5p, miR-802-5p, miR-29b-3p, and miR-107-3p. Notably, of these seven, four are significantly upregulated across all models after multiple testing correction (miR-222-3p, miR-34a-5p, miR-802-5p, and miR-29b-3p; P-adjusted Ͻ 0.2). The expression levels of the seven shared upregulated miRNAs in the models of ob/ob mice, STZ mice, and ZF rats are shown in Fig. 1F . Overall, the sequencing-based analysis in the present study identified seven miRNAs that are consistently elevated across multiple IR/T2D models. Several of these seven miRNAs are in families that have been strongly connected previously to the control of insulin signaling (e.g., miR-107, miR-802, miR-34a, and miR-29a/b/c) (9, 21, 23, 26, 37, 44) , obesity-related phenotypes (e.g., miR-28) (21), gluconeogenesis (e.g., miR-29a/b/c) (13, 51) , and/or lipid homeostasis (e.g., miR-148, miR-222 and miR-29a/b/c) (7, 17, 29, 30, 45) . Liver miRNA profiles in the rodent models with metabolic dysfunction included in the present study are provided here: https://github.com/Sethupathy-Lab/metabomir.
Hepatic miR-29b is the most strongly associated miRNA with diabetes progression in the UCD-T2DM rat model. All of the aforementioned disease models are based on single genetic mutations or single dietary/chemical interventions, and many do not lead to overt T2D (24) . To determine which if any of the seven shared miRNAs identified in the aforementioned models also exhibit persistent dysregulation during the development and progression of T2D, we employed a relatively newer model developed at the University of California at Davis, called the UCD-T2DM rat (10) . UCD-T2DM rats reproducibly develop adult-onset, polygenic obesity, and IR followed by a natural disease progression to overt T2D, more closely mirroring the course of classic T2D pathogenesis in humans. Small RNA sequencing was performed on the liver of UCD-T2DM rats in the prediabetic stage, 2 wk after T2D onset (2 wk), and 3 mo after T2D onset (3 mo) ( Fig. 2A ). As expected, the UCD-T2DM rats exhibited a changing miRNA landscape during disease progression (Fig. 2B ).
We next evaluated in this model the seven dysregulated miRNAs identified in Fig. 1E . Unexpectedly, the expression (24) . Seven out of the 13 miRNAs were identified to be upregulated in at least one additional model and are referred to as "IR-associated miRNAs." Those among the seven miRNAs that pass multiple testing correction (P-adjusted Ͻ 0.2) across all of the models are miR-222-3p, miR-34a-5p, miR-802-5p, and miR-29b-3p. F: sequencing data showing the expression levels of the seven "IR-associated miRNAs" in models of ob/ob mice, STZ mice, and ZF rats. HFD, high-fat diet; RPMMM, reads per million mapped to miRNAs; STZ, streptozotocin; ZF, Zucker Fatty. Ob/ob mice n ϭ 5 (control n ϭ 5), STZ mice n ϭ 5 (control n ϭ 5), ZF rat n ϭ 5 (control n ϭ 5). *P Ͻ 0.05, **P Ͻ 0.01 and ***P Ͻ 0.001 by two-tailed Student's t-test based on RPMMM expression. level of miR-802 was significantly decreased; however, the levels of miR-107, miR-148b, miR-222, and miR-29b were significantly increased in the 3 mo T2D compared with either prediabetic or 2 wk diabetic rats (Fig. 2C ). Among these four miRNAs that exert progressive dysregulation, miR-29b is the only one that is altered by Ͼ1.5-fold in an overt diabetes state (3 mo) relative to the prediabetic condition. To validate this observation from the sequencing analysis, we determined by real-time qPCR (RT-qPCR) the expression levels of miR-29b in UCD-T2DM rats in the prediabetic stage, 3 mo, and 6 mo after T2D onset (Fig. 2D) . The RT-qPCR data confirmed the results of the sequencing analysis and demonstrated that hepatic miR-29b exhibits persistent dysregulation after T2D onset (Fig. 2D) .
To assess the impact of elevated miR-29b on the gene expression profile, we performed RNA-Seq on the livers of UCD-T2DM rats and conducted enrichment analysis for miRNA target sites with our previously described bioinformat- Fig. 2 . The progressive dysregulation of miR-29b in the liver reflects disease progression of insulin resistance-Type 2 diabetes (IR/T2D) in UCD-T2DM rats. A: the experimental design of monitoring diabetes progression in UCD-T2DM rats. B: PCA plot of miRNA profiles in the liver of UCD-T2DM rats in the indicated group. C: sequencing data showing the expression levels of the seven "IR-associated miRNAs" in UCD-T2DM rats in the indicated group. RPMMM, reads per million mapped to miRNAs. *P Ͻ 0.05 and ***P Ͻ 0.001 by two-tailed Student's t-test based on RPMMM expression. D: RT-quantitative (q)PCR of hepatic miR-29b levels in prediabetic, 3 mo, and 6 mo UCD-T2DM rats. *P Ͻ 0.05, **P Ͻ 0.01 and ***P Ͻ 0.001 by two-tailed Student's t-test. Enrichment analysis of miRNA target sites (using the Monte Carlo simulation tool miRhub) in genes downregulated (E) and upregulated (F) in the liver of UCD-T2D rats with T2DM onset for 6 mo compared with prediabetic rats (dashed line represents P ϭ 0.05). G: correlation plot of miR-29b expression levels with its validated target gene Igf1. H: correlation plot of miR-29b expression levels with its validated target gene Pi3kr1. I: correlation plot of miR-29b expression levels with Apoa4 expression. Gray areas in the correlation plots represent the 95% confidence interval. Prediabetic rat n ϭ 3, 2 wk T2D rat n ϭ 6, 3 mo T2D rat n ϭ 3, 6 mo T2D rat n ϭ 5. RQV, relative quantification value. ics tool, miRhub (40) . We hypothesized that if the upregulation of miR-29 is functionally relevant, it should lead to the downregulation of direct target genes. Consistent with our hypothesis, the predicted target sites of the miR-29 family were significantly enriched only in the downregulated gene set, but not in the upregulated gene set, in 6 mo UCD-T2DM rats compared with prediabetic rats (Fig. 2, E and F) . Expectedly, Igf1 and Pik3r1, which we previously showed are upregulated by the suppression of miR-29 in the mice during the fed state (29) and have been validated as miR-29 target genes in other cell types (41, 46) , are indeed negatively correlated with miR-29b levels in UCD-T2DM rats (Fig. 2, G and H) . These two genes are known to be involved in the insulin signaling pathway (50) . Notably, another gene, Apolipoprotein A4 (Apoa4), which is not a predicted miR-29 target but does encode a protein that promotes insulin sensitivity (33) , was also strongly inversely correlated with miR-29, likely due to an indirect mechanism (Fig. 2I) .
Interventions that improve insulin sensitivity lower hepatic miR-29b in rodent and primate models of diabetes. Given that the expression levels of hepatic miR-29b exhibit persistent dysregulation after T2D onset, we next asked whether hepatic miR-29b would be responsive to treatments that are known to alleviate IR. We first turned to obese, insulin-resistant ZF rats subject to a 1 wk treatment of the BT2 compound, which was recently shown to improve insulin sensitivity by inhibiting the branched chain ␣-keto acid dehydrogenase kinase in the liver (48) . By performing small RNA-Seq on the liver of ZF rats after either vehicle (control) or BT2 treatment ( Supplementary  Fig. S2a ), we found that miR-29b levels were lowered in BT2-treated ZF rats compared with vehicle-treated ZF rats, although it did not meet statistical significance ( Supplementary  Fig. S2, b and c) . However, miR-29b is one of only three miRNAs that is both upregulated in obese ZF compared with lean littermates and downregulated in obese ZF rats after BT2 treatment ( Supplementary Fig. S2d ). The second IR-improving treatment we examined is 4 wk of daily supplementation of fish oil in high-fructose-diet fed rhesus monkeys (3), which has been shown to effectively prevent fructose-induced IR. We performed small RNA sequencing in the liver of high-fructose diet-fed rhesus monkeys supplemented with fish oil or sunflower oil (control) ( Supplementary Fig. S2e ) and found that miR-29b levels trend lower in fish oil-treated rhesus monkeys compared with controls ( Supplementary Fig. S2, f and g) . Although the amplitude of the effect is modest, miR-29b does appear to be responsive to interventions that improve IR in both rodent and nonhuman primate T2D models. This further raises the possibility that suppression of miR-29b and the other members of miR-29 family, which have the same seed sequence for recognizing target genes, could lead to glycemic benefits.
Acute suppression of the miR-29 family enhances glycemic control in chow-fed lean and HFD-induced obese mice. To examine the effect of suppressing the miR-29 family (miR-29a, b, and c) on glycemic control, we conducted an in vivo study with chow-fed wild-type (WT) mice treated with one dose of locked nucleic acid inhibitors of miR-29abc (LNA29) for 1 wk (Fig. 3A, Supplementary Fig. S3a ). We have previously shown that hepatic expression levels of all three miR-29 family members are effectively suppressed by LNA29 and that the hepatic levels of a validated miR-29 target gene, collagen type I alpha (Col1a1), are significantly upregulated by LNA29 in the mice at day 7 postdose. We've also shown that this treatment scheme of LNA29 leads to a significant reduction of circulating lipids during the fed state (29) , but the potential beneficial effect of LNA29 on glycemic control in the fasted state has never been investigated. In the present study, a set of 9 -10 wk old chow-fed lean C57BL/6J mice received one dose of either saline or LNA29, and insulin sensitivity was assessed by OGTT and IST at day 5 and 7 postdose, respectively (Fig.  3A) . LNA29 treatment leads to a significant reduction in overnight fasting glucose compared with saline treatment in chow-fed lean mice (Fig. 3B ). In addition, the LNA29-treated lean mice exhibited improvements in glucose tolerance as indicated by a significant decrease in the area under the curve (AUC) of the OGTT test (Fig. 3, C and D) , as well as improvements in insulin sensitivity as demonstrated by lowered levels of blood glucose in the IST (Fig. 3, E and F) compared with saline-treated mice. Another cohort of 9 -10 wk old chow-diet fed C57BL/6J mice that received one dose of LNAscr, which does not alter expression of hepatic miR-29 family ( Supplementary Fig. S3a ), exhibited no significant changes in fasting glucose levels, OGTT, or IST relative to saline treatment ( Supplementary Fig. S3, b-d) , which demonstrates that the effects on fasting glucose, OGTT, and IST are specific to LNA29. In these in vivo studies, one dose of LNA29 or LNAscr does not lead to changes in body weight in the chow-fed lean mice compared with saline treatment (Supplementary Fig. S3, e and f) .
We next tested the acute effect of LNA29 treatment in HFD-induced obese mice (Fig. 3A) . A set of 8 -9 wk old C57BL/6J mice were fed HFD (45% kcal from fat) for 4 wk. We first confirmed that HFD-fed mice exhibit significant increases in body weight and IR as determined by OGTT and IST compared with age-matched chow-fed mice ( Supplementary  Fig. S4, a-e) . Consistent with the observations in chow-fed mice, one dose of LNA29 treatment in the context of HFD intervention also robustly suppressed miR-29 family members and elevated levels of Col1a1 in the liver compared with LNAscr ( Supplementary Fig. S5, g and h) . Although glucose tolerance did not improve by LNA29, (Supplementary Fig. S5,  i and j) , the LNA29-treated mice did exhibit significant reductions in fasting glucose levels compared with LNAscr-treated mice (Fig. 3G, Supplementary Fig. S5f ). Taken together, these observations suggest improved fasting blood glucose levels after only 1 wk of LNA29 administration in both chow-fed lean and HFD-induced obese mice, but the reasons for the different effects of LNA29 on OGTT and IST in chow-fed versus HFD-fed mice are not yet known.
LNA29-mediated improvement in insulin sensitivity occurs concomitantly with upregulation in liver expression of miR-29 target genes Dnmt3a and Enho. Though we observed a significant reduction in fasting glucose by LNA29 ( Fig. 3) , previously we did not observe an effect of LNA29 on fed glucose levels (29) . This indicates that the beneficial effect of LNA29 on glycemic control is primarily in the fasted state. To identify candidate miR-29 target genes in the liver that may play a role in the LNA29-induced improvement in glycemic control, we performed RNA-Seq analysis on the liver from fasted LNA29treated mice. We identified a total of 2,219 genes (1,091 up, 1,128 down) that are altered by LNA29 compared with saline treatment (P Ͻ 0.05, adjusted P Ͻ 0.2, base mean Ͼ 50). By performing miRhub analysis we further confirmed that the genes that are upregulated by LNA29 are significantly enriched for predicted target sites of miR-29 (Fig. 4A) , whereas the genes that are downregulated by LNA29 are not (Fig. 4B) .
Among the genes upregulated by LNA29 there are 171 genes that have highly conserved predicted target sites (positionally preserved in two additional species besides mouse) for miR-29 ( Fig. 4C, Supplementary Table S1 ). These 171 genes include those that have been validated as targets of miR-29 (e.g., Dnmt3a and Dnmt3b) (14, 20) (Fig. 4D ). Dnmt3a and Dnmt3b are known to encode de novo methyltransferases, and altered expression of Dnmt3a in particular has been linked to insulin sensitivity in multiple tissue/cell types such as adipose and neurons (11, 25, 52) . Consistent with this, Western blotting shows a significant increase in Dnmt3a in the liver of mice treated with LNA29 compared with saline ( Supplementary Fig.  S5, a and b) .
The 171 genes (Fig. 4C ) also include those that have not been validated previously as targets of miR-29 but have been shown to involved in the regulation of insulin sensitivity [e.g., diacylglycerol kinase-␦ (Dgkd) and Enho] (Fig. 4D ). Dgkd was reported to contribute to insulin sensitivity through reducing intracellular diacylglycerol content in the muscle (8) . Enho is highly expressed only in the liver and the brain and encodes the hormone Adropin, which has also been shown to regulate insulin sensitivity (16, 28) . Specifically, hepatic Enho expression is significantly reduced under chronic HFD diet in mice (28) and the whole-body knockout mice of Enho develop insulin resistance (16) . Given the relevance of hepatic Enho to the regulation of glycemia and the upregulation of Enho in mouse livers treated with LNA29 ( Fig. 4, C-E) , we sought to examine whether Enho expression is regulated by miR-29 in human cells as well. We treated Huh7 cells with either transfection reagent alone or 200 nM inhibitor of one of the family members of miR-29 (miR-29a). We showed that Enho expression is significantly upregulated by the suppression of miR-29a compared with mock treatment (Fig. 4F) . To test whether Enho is a direct target of miR-29, we performed 3=-UTR reporter gene assays in HEK-293 cells (Fig. 4G ). We demonstrated that the treatment with miR-29a mimics significantly decreases the activity of luciferase that is linked with the 3=-UTR of Enho (Fig. 4G) . Likewise, treatment with LNA29a significantly increases luciferase activity compared with mock control (Fig.  4G) . These findings together motivate future work to determine the extent to which miR-29 regulation of Enho controls insulin sensitivity.
DISCUSSION
In this study we first started with a sequencing-based approach to identify the set of hepatic miRNAs (including miR-29b) that are commonly dysregulated across multiple rodent models of IR/T2D. We further demonstrated that miR-29b is the most strongly associated with disease progression in UCD-T2DM rats and that miR-29b appears to be responsive to interventions that improve IR in both rodent and nonhuman primate models of IR/T2D. Finally, we showed that in vivo suppression of the hepatic miR-29 family (miR-29a, b, and c) for just 1 wk is sufficient to enhance systemic insulin sensitivity in chow-fed lean mice and reduce fasting glucose levels in both chow-fed lean and HFD-fed obese mice. Hepatic Dnmt3a and Enho are among the candidate mediators identi-fied through our unbiased whole transcriptome study. The results generated in the present study lay a strong foundation for future investigations focused on testing the effects of LNA29 in additional diet-induced or genetic models of IR/ T2D.
Several hepatic miRNAs that we identified as being dysregulated across multiple models of IR/T2D have been previously characterized to contribute to the development of IR/T2D in specific models. Those miRNAs include miR-802 (26), miR-107 (44), miR-34a (9) , and miR-222 (37) . Specifically, miR-802, miR-107, and miR-34a were observed to be elevated in the liver of diabetic mouse models compared with healthy lean controls, and pharmacological suppression of these miR-NAs effectively ameliorates the IR phenotype in vivo (9, 26, 44) . In addition, overexpression of miR-222 in primary mouse hepatocytes was recently shown to impair insulin signaling through inhibition of IRS-1 in vitro (37) . Besides these previously characterized "diabeto-miRNAs," we identified a few additional miRNAs (miR-28 and miR-148b) that also appear to be commonly dysregulated across multiple models of IR/T2D. MiR-28 in the circulation has been shown to increase in obese T2D patients with uncharacterized mechanisms (21) . MiR-148b has not been linked to IR-associated phenotype or metabolism, although the other member in this family, miR-148a, has been shown to be involved in the control of lipid metabolism and gluconeogenesis (17, 51) . These miRNAs warrant further investigation to pinpoint their functional roles in the development and/or progression of IR/T2D. In this study we also observed for the first time that hepatic miR-29b expression exhibits persistent dysregulation during diabetes progression in a relatively new disease model, the UCD-T2DM rat, which has never before been investigated for miRNA studies. The underlying mechanism by which hepatic miR-29b is dysregulated is not fully understood. We have previously reported that Foxa2 is upregulated in fa/fa diabetic rats and that transcription at both miR-29 loci is likely driven at least in part by Foxa2 in the liver (30) . However, whether Foxa2 is responsible for the upregulation of miR-29 family members across different IR/T2D disease models is not known and merits further investigation. Notably, not all of the IR/ T2D-associated hepatic miRNAs that we identified in the UCD-T2DM rats exhibit a similar behavior during the course of disease progression. While miR-107, miR-148b, and miR-222, together with miR-29b, exhibit persistent dysregulation over the course of diabetes progression, the expression levels of miR-802 and miR-34a actually decline in later stages. This could suggest that miR-802 and miR-34a are not necessary to drive disease progression after diabetes onset, but this hypothesis merits further investigation.
The link between hepatic miR-29 and systemic insulin sensitivity in vivo has been made once previously in genetic mouse models (13) . There are major differences between this previously published work and our present study. In Dooley et al. (13) , miR-29a Ϫ/Ϫ (global knockout of miR-29a/b-1 locus) and miR-29c Ϫ/Ϫ (global knockout of miR-29b-1/c locus) mice were generated to investigate miR-29 biology. MiR-29a Ϫ/Ϫ mice display a defect in insulin secretion that impairs hepatic glucose metabolism, whereas miR-29c Ϫ/Ϫ mice exhibit hepatic insulin hypersensitivity (13) . Despite these important advances in knowledge, the physiological impact of acute suppression of the entire miR-29 family (miR-29a, b, and c) in the adult mouse was unknown. In this study, we bridge this important knowledge gap by using LNA technology in adult mice and show that 1 wk LNA-based suppression of the miR-29 family is sufficient to improve glycemic control in both chow-fed lean and HFD-fed obese mice. Also, it is important to note that Dooley et al. (13) actually observed an increase in fasting glucose in the miR-29a Ϫ/Ϫ mice, but this is mainly driven by a defect in insulin secretion from pancreatic islets. In our study, LNA29 exerts most of its effect in the liver, as the pancreas does not effectively take up LNA delivered by subcutaneous injection.
Previously we demonstrated that LNA29 treatment improves the circulating lipid profile (29) . It is not yet known whether the effects of LNA29 on plasma lipid and glucose levels are mediated by the same mechanisms or whether the pathways are mutually exclusive. Nonetheless, these data open the question about the potential therapeutic value of LNA29 in animal models of IR/T2D. However, several facets of miR-29 biology and the open problem of effective tissue-specific LNA delivery methods need to be carefully considered. First, although no detrimental effects were observed in the chow-fed mice receiving one short-term dose of LNA29, the long-term effects of multiple doses of LNA29 need to be closely evaluated, particularly as it pertains to effects on extracellular matrix proteins and the development of fibrosis (46) . Second, as indicated in our previous study (29) , delivery of LNA29 by subcutaneous injection can diffuse to multiple tissue types besides the liver, and it is known that miR-29 has important functions in other tissues, including skeletal muscle (36) . More work is required to establish tissue-specific delivery. It is important to note that, even aside from the potential future therapeutic potential, we believe this study is important from the standpoint of revealing new players in liver molecular networks that govern metabolic phenotypes, thereby advancing our understanding of the mechanisms used by the liver to regulate energy balance.
Hepatic Dnmt3a and Enho are identified as candidate mediators of LNA29 through our transcriptome study. Dnmt3a, which is a validated miR-29 target, has been linked to insulin sensitivity in multiple tissue/cell types such as adipose and neurons (25, 52) . The increases in hepatic Dnmt3a by LNA29 at both RNA and protein levels motivate future studies of this potential mechanism in regulating hepatic insulin sensitivity. In addition, this is the first time that Enho has been implicated as a candidate miRNA-regulated gene. We are able to demonstrate using human cell lines that Enho is a direct target of miR-29. Enho, which is highly expressed in the liver and encodes energy homeostasis hormone Adropin, has been shown to regulate both insulin sensitivity and lipid homeostasis in rodent and nonhuman private models (5, 16, 28) . Also, humans who carry Enho mutations have metabolic disorders (4, 6) . It has been shown in mice that global genetic deficiency of Enho leads to dyslipidemia, obesity, and IR and that overexpression of Enho or systemic administration of Adropin in the chronic HFD condition significantly improves hepatic lipid homeostasis and insulin sensitivity (16, 28) . We speculate that the upregulation of hepatic Enho by LNA29 may contribute to the reduction of circulating lipids seen in our previous study (29) , as well as the improvement of insulin sensitivity suggested in our present study. Future studies of LNA29 treatment in Enho knockout mice will help elucidate whether Enho is essential for mediating LNA29-induced beneficial effects.
Finally, this finding does not exclude the possibility that there are other potential mediators of the effects of LNA29; in fact, we fully anticipate that there are numerous other important direct and indirect targets of miR-29 that are pertinent to the improvements in glycemic control. For example, Insulin-Like Growth Factor Binding Protein 2 (Igfbp2) and apolipoprotein A-IV (Apoa4) are significantly upregulated by LNA29 in the liver of WT mice based on our RNA-Seq data ( Fig. 4C ; Supplementary Fig. S5, c and d) . Several studies have proposed that Igfbp2 and Apoa4 are therapeutic targets for IR/T2D because of their roles in potentiating insulin signaling pathways or improving hepatic glucose metabolism (19, 33, 47) . Igfbp2 is highly expressed in human liver, and low circulating Igfbp2 levels have been reported in multiple studies in humans with obesity and diabetes (15) . Overexpression of Igfbp2 in mice mitigates HFD-induced obesity (47) . ApoA-IV knockout mice exhibit an increase in hepatic glucose production, and the delivery of exogenous ApoA-IV protein lowers circulating glucose in mice (18, 34) . Along these lines, the increase in Igfbp2 and Apoa4 by LNA29 may contribute to the improvement in systemic glycemic control. However, they are not predicted to be direct targets of miR-29; therefore, it is likely that their upregulation in response to LNA29 is indirect through specific transcription factors and/or RNA stabilizing binding proteins that may be directly regulated by miR-29.
In sum, we provide evidence from sequencing-based analysis of liver tissue from multiple rodent and monkey models of IR/T2D that hepatic miR-29b is strongly linked to hepatic IR irrespective of the underlying pathogenic mechanisms. Importantly, we use LNA technology to demonstrate that suppression of whole miR-29 family for only 1 wk is sufficient to enhance systemic insulin sensitivity in adult normoglycemic mice and reduce fasting glucose levels in HFD-fed obese mice.
